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Abstract 

We investigate rapidity dependence of the ratio of photon and pion production cross 
>^ sections in high energy proton (deuteron) - nucleus collisions at RHIC and LHC. 

This ratio, and its rapidity dependence can be a sensitive probe of high density QCD 
(Color Glass Condensate) dynamics and shed further light on the role of saturation 
J> physics at RHIC and LHC. 
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1 Introduction 



The Color Glass Condensate (saturation) approach to QCD at high energy [TJ [2j [3] has 
been quite successful in description of variety of high energy processes at RHIC [I] . From 
energy, rapidity and centrality dependence of hadron multiplicities [5] to p t dependence of 
less inclusive observables such as hadron production in deuteron-gold collisions P, [7] , there 
is growing evidence for importance and/or dominance of saturation physics at RHIC (for 
a review see |8j and references therein). Nevertheless, in order to further test saturation 
physics and probe the limits of its validity, it is highly desirable to consider more processes 
which can be measured at RHIC and/or will be measured at LHC. Here we focus on 
the ratio of photon to pion production cross sections at different rapidities and at fixed 
transverse momentum which can be measured at RHIC and which can be used to further 
probe the saturation dynamics and its applicability at different regions of RHIC kinematics. 

Even though the Color Glass Condensate formalism has been very successful in de- 
scription of the p t dependence of hadronic cross sections at RHIC [7J , there are aspects of 
the approach which need further refinement. For example, in order to describe the pion 
production cross section at different rapidities, one needs a K factor in order to reproduce 
the overall magnitude of the cross section. This by itself is not a cause for concern since it 
is well known that a LO QCD description of hadron production cross section receives large 
contributions from higher order corrections in perturbation theory. While these higher 
order corrections are known in pQCD, the Color Glass Condensate, at its current level of 
sophistication, is known only at the Leading Order in the coupling constant (for a calcu- 
lation of running of the coupling constant see [9]). What is essential is that the needed K 
factor is independent of p t . Nevertheless, it is desirable to consider observables which are 
not very sensitive to the K factor. 

In this brief note, we investigate the ratio of photon to pion production cross sections at 
different rapidities. The hope is that the K factors involved will more or less cancel so that 
this ratio will not be very sensitive to it. This may be motivated by the fact that at low 
Pt (typically less than 2 — 3 GeV) most of the produced photons (not coming from hadron 
decays) are due to fragmentation of a produced quark (or anti-quark) and are therefore 
similar to the hard processes involved in hadron production. The price to pay for this 
is that one needs to consider low p t photons in order to minimize contribution of direct 
photons. This will no doubt complicate the experimental efforts but it can in principle be 
done at RHIC and LHC. 

After a brief review of the analytic forms of the pion [7J and photon [TOl [TT] production 
cross sections in the Color Glass Condensate formalism in terms of the dipole cross section 
(both processes have adjoint and/or fundamental dipole cross sections as the universal 
building blocks), we use a parameterization of the dipole cross section which has been 
used before to successfully describe the RHIC data on hadron production in deuteron-gold 
collisions at RHIC. We first apply our formalism to proton-proton collisions at RHIC and 
calculate the ratio of photon to pion production cross section at different rapidities and 
compare our result with the known NLO pQCD predictions [12J. It is observed that at 
mid rapidity, our result is below that given by NLO QCD while at forward rapidities the 
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two are in pretty good agreement. This can be understood as being due to dominance 
of gluons in mid rapidity which means one would need to include contributions due to 
fragmentation of gluons to photons. This is formally a higher order (in oc a ) effect but is 
numerically large. Furthermore, application of Color Glass Condensate formalism (which 
is inherently a weak coupling approach) to proton-proton collisions at mid rapidity RHIC 
is rather questionable since at mid rapidity RHIC the saturation scale of a proton is rather 
small. We then investigate this ratio for deuteron-gold collisions at RHIC and proton-lead 
collisions at LHC. Our results are therefore most reliable at the very forward rapidities at 
RHIC and LHC where quark production dominates over gluon production. We comment 
on how one may include higher order corrections due to contribution of gluons. 



2 The photon and pion production cross sections 



Here we briefly review the photon and pion production cross sections in the hybrid approach 
QUI H31 HI] to particle production in the Color Glass Condensate formalism. The target is 
described as a dense system of gluons which satisfy the JIMWLK evolution equations while 
the projectile is described as a collection of partons in pQCD which evolve via DGLAP 
evolution equations (for an alternative formulation which describes the projectile using 
CGC formalism, see [T5| [16]). The photon production cross section is given by 



d 2 b t d 2 p t dy~ 
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where Np is the probability for scattering of a fundamental (quark-anti-quark) dipole on the 
dense target and D 7 / g is the LO pQCD quark-photpn fragmentation function. Depending 
on the projectile being a proton or deuteron, one sums over the appropriate quark and 
anti-quark distributions. Here, we ignore the possible nuclear modifications of the deuteron 
wavefunction since these are expected to be small in this kinematic p2] and will mostly 
cancel in the ratio. Furthermore, the fraction of the incoming target momentum carried 



by the gluons is denoted x g and is given by x g 
limit in the x q integration is x 
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The hadron production cross section is given by 



d 2 b t d 2 p t dy h 
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where xp 



e Vh is the Feynman x of the produced hadron and x q 



x, 



, e 2yh where x r 



is the fraction of the incoming hadron energy carried by the incoming parton. We also 
note that \ = ^ which relates the variables in eqs. (JTJ) and (21). To proceed further, we 
need to know the fundamental and adjoint dipole cross sections Np, Na- Here we will use 
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a parameterization of the adjoint dipole cross section which was used in order to investi- 
gate saturation effects in hadron production in deuteron-gold collisions at RHIC. In this 
parameterization, the adjoint dipole scattering probability (impact parameter integrated 
cross section) is given by 



N A {r t ,yh) = I - exp 
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r 2 t Q 2 s (y h )} 



i(.Vh,n) 



(3) 



where the anomalous dimension 7 is given by 



l(r u Y) 
A7 



7s + A 7 (r, Y) 
(1-7, 



log(l/r t 2 Q2) 



\Y + log(l/r*Q 2 s )+dVY 



(4) 



The expression for the scattering probability for a fundamental dipole can be obtained from 
(|3| by a simple re-scaling of the saturation scale. Since this parameterization was used to 
fit the minimum bias deuteron-gold data at RHIC, we will consider only the minimum bias 
cross sections here as well (for details of this parameterization, we refer the reader to [7j). 
We now use eqs. ([!]) and ^ to calculate the single inclusive photon and single inclusive 
pion production cross sections in proton-proton and proton (deuteron)-nucleus collisions 
in kinematics relevant to the RHIC and LHC experiments. 

In Figure (JT1) we show the ratio of photon to pion production cross sections in proton- 
proton collisions at RHIC. Our results, labeled CGC are shown against the NLO pQCD 
calculations, with and without direct photons which contribute about 20 — 30% at p t = 1.25 
GeV. As is seen, CGC results are below NLO pQCD results by a factor of ~ 2 at mid 
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Figure 1: Ratio of fragmentation photon to neutral pion production cross sections in 
proton-proton collisions at RHIC. 
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rapidity and come close to pQCD results only at the most forward rapidity. This is most 
likely due to the dominance of gluon contribution to photon production in mid rapidity 
Even though this is nominally a higher order correction suppressed by a s , since low p t 
and mid rapidity kinematics probe small x gluons in the incoming hadron wave function, 
this factor of a s is easily compensated by the number of gluons in the wave function of 
the incoming hadron. Furthermore, the saturation scale of a proton probed in the mid 
rapidity region of RHIC is most likely not large enough to warrant a CGC type approach. 
Another possible problem is that the hybrid approach developed in is valid for asymmetric 
collisions, i.e. when a dilute projectile scatters on a dense target which is not the case in 
observables produced in mid rapidity in proton-proton collisions. Therefore, our results for 
pp collisions in mid rapidity region of RHIC have to be taken with a grain of salt and are 
shown here only for sake of comparison and completeness. 

In Figure ^ we show the ratio of fragmentation photon to neutral pion production 
cross sections in deuteron-gold collisions at RHIC and for minimum bias collisions. Again, 
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Figure 2: Ratio of fragmentation photon to neutral pion production cross sections in min. 
bias deuteron-gold collisions at RHIC. 

a rise in the ratio is seen as one goes to more forward rapidities. This is mostly due to the 
diminishing contribution of gluons in the projectile hadron. In this case, the underlying 
hard scattering becomes identical for both fragmentation photon and pion production 
[only Np contributes) and the only difference between the two is due to the final state 
fragmentation functions (the average value of z is also somewhat different between photon 
and hadron fragmentation functions). Having a nuclear rather than a proton target makes 
the saturation scale of the target larger and application of CGC formalism to this process 
is more robust. In this sense, it would even be better to consider the most central class of 
collisions since the saturation scale would be the largest, however, this is numerically quite 
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complicated since it would require a Monte-Carlo simulation of centrality classes which is 
beyond the scope of this work. 

In Figure ^ we show the same ratio for the upcoming proton-lead collisions at LHC 
center of mass energy of \/s = 8.8 GeV (we take the value for minimum bias saturation 
scale to be the same for a lead nucleus as for a gold nucleus. This approximation does 
not make a big numerical difference.). This ratio shows the same characteristics as before 
where a rather sharp rise is seen. We note that this ratio is smaller in mid rapidity LHC 
as compared to RHIC due to larger gluon production cross section at LHC. One should 
keep in mind that contribution of gluons to fragmentation photon may be quite large in 
mid rapidity which would increase this ratio in mid and not so forward rapidities (at LHC, 
quark production dominates gluon production only after 5 — 6 units of rapidity away from 
mid rapidity). Therefore, calculation of higher order corrections to photon production in 
mid to not so forward rapidity seem to be essential to a precise computation of this ratio. 
Therefore we expect our results to be most accurate in the forward rapidity region, in both 
RHIC and LHC. 
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Figure 3: Ratio of fragmentation photon to neutral pion production cross sections in min. 
bias proton- lead collisions at LHC. 



A precise measurement of ratio of photon to pion production cross sections at RHIC 
and LHC would therefore help establish the extent to which a CGC based approach may 
be applicable in different kinematics regions of RHIC and LHC and shed light on the 
importance of higher order corrections to the Color Glass Condensate formalism. While 
this is an experimentally challenging task, it is certainly possible to do and one hopes that 
the results presented here will provide the motivation to perform these measurements at 
RHIC and LHC. 
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